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Abstract—The effects of dead space (the minimum distance trav-
elled by a carrier before acquiring enough energy to impact ionize)
on the current impulse response and bandwidth of an avalanche
multiplication process are obtained from a numerical model that
maintains a constant carrier velocity but allows for a random dis-
tribution of impact ionization path lengths. The results show that
the main mechanism responsible for the increase in response time
with dead space is the increase in the number of carrier groups,
which qualitatively describes the length of multiplication chains.
When the dead space is negligible, the bandwidth follows the be-
havior predicted by Emmons but decreases as dead space increases.
Index Terms—Avalanche multiplication, avalanche photodiodes,
frequency response, impact ionization.
I. INTRODUCTION
AVALANCHE photodiodes (APDs) are attractive optionsas photodetectors in optical communication systems be-
cause of the internal gain provided by avalanche multiplica-
tion. However, the randomness in position and time of the im-
pact ionization events gives rise to noise and jitter. The excess
noise factor, which describes the fluctuations in gain, has been
studied by McIntyre [1] when the dead space, the minimum dis-
tance travelled by a carrier before acquiring enough energy to
impact ionize, is neglected. However, in thin avalanching de-
vices, where carriers are not in equilibrium with the local elec-
tric field, the dead space can represent a significant fraction of
the avalanche width, resulting in lower excess noise than pre-
dicted by McIntyre’s local analysis. More recently, there have
been extensive studies of the excess noise characteristics in thin
avalanching devices, both experimental [2]–[5] and theoretical
[6]–[10].
The time response of avalanche multiplication has been in-
vestigated by Emmons [11] using a small signal, local anal-
ysis which neglects the effects of dead space. These simulations
showed that for a given mean gain and ratio of impact ionization
coefficients, the 3 dB bandwidth is inversely proportional to the
avalanche width.
APDs designed to operate at high speed have thin multipli-
cation regions (typically 0.5 m) to reduce the carrier transit
time. Using a similar local analysis [12], [13] concluded that a
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gain-bandwidth product of 228 GHz should be achievable using
an APD with a 0.1 m bulk InAlAs multiplication layer [13].
However, at such small dimensions, the dead space becomes a
significant fraction of the avalanche width.
The current impulse response of avalanche multiplication,
the time-dependent current following injection of a carrier
pair, has been studied, including the effects of dead space,
using recurrence equations [14], [15]. Hayat and Saleh [14]
and Bandyopadhyay et al. [15] found that for a given value of
mean gain, the avalanche current decays more slowly as dead
space increases. Using mean current impulse response and its
standard deviation Hayat et al. have also investigated the effects
of dead space on the bit-error-rate of optical communication
systems [16]. Using a different recurrence technique, Hayat and
Dong showed how to calculate the probability distribution of
the avalanche duration of an APD [17]. Although the inclusion
of dead space in their model is straightforward, these authors
investigated only the local case.
While dead space can easily be incorporated into these re-
currence techniques they do not readily provide insight into the
mechanisms responsible for the increased response times which
they predict. Furthermore, each specific recurrence technique is
designed to evaluate the statistics of a specific parameter and
further analyses are needed to obtain information on other pa-
rameters.
Monte Carlo models of semiconductor carrier transport auto-
matically incorporate dead space effects and can provide real-
istic information on their consequences on temporal statistics.
However these models are slow and also introduce other com-
plexities, such as distributions in velocity and velocity overshoot
of early ionizing carriers [18], making straightforward compar-
isons difficult for cases with and without dead space.
An alternative, more flexible approach for time response eval-
uation is therefore desirable to investigate the effects of dead
space on APD speed. In this paper, we extend the basic frame-
work of the random path length (RPL) model [7], which has
been used successfully to predict mean gain and excess noise
factor, to generate the temporal statistics of the multiplication
process. The mean gain, probability distribution function (pdf)
of multiplication, excess noise factor, current impulse response,
and pdf of avalanche duration can be obtained simultaneously
from the extended RPL model. Statistics from the RPL simula-
tions are compared with those generated by recurrence equation
techniques to assess the validity and accuracy of the extended
RPL model. We also use the flexibility of the RPL model to
explain the mechanism responsible for the increase in response
time with dead space. Finally the reduction in device speed with
dead space is calculated in terms of the 3 dB bandwidth.
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II. RPL MODEL
In the RPL technique [7], the random ionization path length of
an electron is described by its pdf , and the model uses
the Monte Carlo technique [19] to generate various avalanche
statistics. In the “hard dead space model,” is given by
(1)
where and are the dead space and “activated” ionization
coefficient for electrons. is taken as
(2)
where is the electron ionization threshold energy, and is
the applied electric field. can be conveniently deduced from
the local electron ionization coefficient for the appropriate
uniform electric field by equating mean ionization path lengths
in the local and nonlocal cases [20]
(3)
By substituting uniformly distributed random numbers, , be-
tween 0 and 1 into the survival probability out to distance
(4)
can be generated from
(5)
By replacing , , , , , , and with ,
, , , , , and , similar expressions for hole
impact ionization path length can be obtained.
Each trial in an RPL simulation terminates when all carriers
have left the multiplication region of width . Each injected car-
rier gives rise to a multiplication, labeled , which is a random
variable, owing to the stochastic nature of the impact ionization
process. The value of for each trial is recorded to build up
reliable avalanche statistics by performing an ensemble average
over many trials. Spatially determined statistics such as mean
gain and excess noise factor can be calculated using
(6)
and
(7)
where is the multiplication resulting from trial , and is
the total number of RPL trials in the simulation. The pdf of
for a given mean gain depends on and the dead space. This is
reflected in the variation in , which is a measure of the spread
in the pdf.
Mean gain and excess noise factors for a 0.2 m APD were
calculated from the RPL simulations and are shown in Fig. 1.
The ionization coefficients and threshold energies used in these
and all subsequent simulations in this work are for GaAs and are
taken from [21]. The RPL results agree with those given by the
Fig. 1. Mean gain and excess noise factor for a 0.2 m thick APD using
threshold energies and ionization coefficients for GaAs. The results generated
by RPL and by the recurrence technique for electron injection (, solid line)
and hole injection ( , dashed line) are indistinguishable.
recurrence equations formulated by Hayat et al. [6], confirming
that for calculations of spatial multiplication statistics, RPL is
equivalent to the recurrence technique, which has been used to
successfully model photomultiplication and excess noise mea-
surements [3], [5].
The RPL technique can also be extended to generate tem-
poral statistics by assuming constant velocities for electrons and
holes. Knowledge of the position and velocity of each carrier in
the avalanche region enables calculation of the instantaneous
current from Ramo’s theorem [22]. The avalanche duration, the
mean current impulse response, and its variance are then easily
generated in a single simulation unlike in the case of solving
the recurrence equations which need to be solved separately for
each quantity, adding a factor of 3–4 times to the computation
time. The RPL simulation can be 50–100 times faster than even
a simple Monte Carlo simulation [18] depending on and
and is adequate for determining the spatial ionization properties
that are important in this case.
III. RANDOM RESPONSE TIME AND CURRENT
IMPULSE RESPONSE
For comparison, the RPL techniques and the recurrence
equations described in [14] and [17] are used to calculate the
mean impulse response and the pdf of avalanche duration.
In this work, dead space is included in the method proposed
in [17]. In all temporal calculations, a constant velocity of
10 ms is assumed for both electrons and holes, although
different velocities for electrons and holes can be readily
incorporated in the RPL model.
The RPL and the recurrence technique simulations give indis-
tinguishable results for current impulse response, as shown in
Fig. 2 for a 0.2 m APD with at . The results
for and are also compared in Fig. 2. Since
calculations using ionization coefficients and threshold energies
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Fig. 2. Current impulse response of a 0.2 m-thick APD with a mean gain
of 20 without dead space (solid line) for a field of 426 kV/cm and including
dead space (dotted line) for a field of 506 kV/cm. RPL results ( for d=w =
0 and for d=w = 0:3) and those of the recurrence technique (lines) are
indistinguishable.
Fig. 3. Pdf’s of random response time for a 0.2 m thick APD with a mean
gain of 20, ignoring dead space (solid line) for a field of 426 kV/cm and
including dead space (dotted line) for a field of 506 kV/cm. RPL results ( for
d=w = 0 and for d=w = 0:3) and the recurrence technique results (lines)
are indistinguishable.
for GaAs in [21] suggest and in
a 0.2 m APD with , the value of chosen
here is not unreasonable. A fixed ratio of is used to allow
clear comparisons between results with and without dead space.
Since and of most semiconductors become similar at high
fields, the use of is appropriate.
The current impulse response shows a slower decay when the
effects of dead space are included, consistent with the earlier
observations of Hayat et al. [14] and Bandyopadhyay et al. [15].
Pdf’s of avalanche duration are compared in Fig. 3, including
and excluding the effects of dead space. The results are again
indistinguishable for the RPL and the recurrence techniques. A
slower decay is again observed when dead space is included.
The excellent agreement between the RPL and the recurrence
techniques of current impulse response and pdf of avalanche du-
ration results for cases with and without dead space confirms
that these techniques are equivalent for calculating both spatial
Fig. 4. Pdf’s of M for d=w = 0 (line) and d=w = 0:3 (symbols) for hMi =
20.
and temporal statistics under the constant carrier velocity as-
sumption.
IV. DISCUSSION
Figs. 2 and 3 show that dead space increases the response time
of an APD. To investigate the origins of this increase, we con-
sider in detail the processes contributing to the gain measured
from an APD, which corresponds to the mean of taken
over its pdf.
Pdf’s of , both including and excluding the effects of dead
space, for a mean gain of 20 are compared in Fig. 4. The number
of trials (typically 5 million trials per simulation) for the simu-
lations was chosen to give negligible noise in the data for
. The probability of an injected carrier impact ionizing in-
creases as the dead space becomes more significant. More im-
portantly the dead space changes the shape of the pdf by re-
ducing the number of trials resulting in large and gener-
ally narrowing its pdf. One might therefore reasonably expect
that a larger would correspond to a longer avalanche dura-
tion, so that a narrower multiplication pdf with the same
should correspond to a faster response. However, this contra-
dicts with our numerical predictions of current impulse response
and avalanche duration in Figs. 2 and 3.
To understand this apparent contradiction, we must recog-
nize that trials resulting in the same can comprise multipli-
cation chains of different lengths involving different numbers
of “carrier groups.” Carrier groups are defined as follows. In-
jected electrons are in the first electron group, as are new elec-
trons descended from the injected electron, and all such elec-
trons will leave the multiplication region together. New holes
created by the first group of electrons and further holes created
by these new holes form the first hole group, which may gen-
erate a second electron group if any of themselves ionizes, and
so on. Carrier groups are tracked in Fig. 5 for a trial with
5 and 4 groups of carriers. The flexibility of the RPL model al-
lows recording of the pdf of the number of carrier groups for
each , which is not readily available in the recurrence equa-
tion techniques.
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Fig. 5. Tracking of carrier groups in the feedback carrier chain. The
multiplication factor for this trial is 5, and there are four groups of carriers in
total. : first electron group,: first hole group, : second electron group,4:
second hole group.
The maximum order of carrier group that can occur in a trial
resulting in a given is limited to the value of . It corre-
sponds to the situation in which each carrier ionizes only once,
at most, so that carriers are fed back and forth across the device.
Such large numbers of carrier groups, relying heavily on feed-
back, are likely to correspond to avalanches of long duration. By
contrast, if multiplication is achieved entirely by carriers in the
first two carrier groups, then the avalanche duration will be, at
most, only two transit times, and this corresponds to the fastest
process.
The maximum contribution of any carrier group to the mul-
tiplication is limited by the dead space. This is most clearly ev-
ident for the first carrier group. For , a carrier in
the first carrier group can contribute multiplication of at most
. Thus, as the ratio increases, we expect the
higher order groups, corresponding to longer avalanche dura-
tion, to contribute increasingly to the . This effect is evident
in Fig. 6, which shows the pdf’s of carrier groups contributing
to trials resulting in and , for and .
It is clear from this RPL simulation that the introduction of
dead space shifts the distributions to carrier groups of higher
order, corresponding to longer avalanche durations. In addition
to this shift, the distribution broadens when dead space is in-
cluded. However this is expected to have negligible effects on
the avalanche speed since the distribution is approximately sym-
metrical about its average value.
Thus, while Fig. 4 shows that, for a given , dead space
tends to reduce the number of multiplication trials resulting in
high , Fig. 6 shows that these high trials comprise groups
of higher order than in the absence of dead space, corresponding
to longer multiplication chains. It appears that this second ef-
fect dominates the avalanche speed and, on balance, dead space
slows down the multiplication process.
The pdf of avalanche duration and the impulse response
show that dead space increases the multiplication response time
and consequently would have detrimental effects on the rise and
fall times of an input optical pulse. We can also quantify these
results by comparing the 3 dB bandwidths with and without
dead space. In this work, we calculate the frequency response
Fig. 6. The pdf’s of the number of carrier groups involved in trials resulting
in M = 20 for d=w = 0 (solid line) and d=w = 0:3 (dotted line). Results for
M = 30 ( for d=w = 0 and for d=w = 0:3) are also included.
by Fourier transforming the impulse response generated by the
RPL model. Bandwidths obtained using our approach agree
with those calculated by Emmons [11] in the absence of dead
space, as shown in Fig. 7(a) for the case when . Fig. 7
also shows the relationship between 3 dB bandwidth and
with increasing ratio ( 0.2 and 0.3) for
20. The 3 dB bandwidth for all avalanche widths decreases
by the same percentage increases, which is evident from
the inset, and the thinnest avalanche width ( m)
suffers the greatest degradation in absolute 3 dB bandwidth.
The inset also shows that if we keep the constant, then the
3 dB bandwidth is inversely proportional to , as in the local
case. As shown in Fig. 7(b), the predicted 3 dB bandwidth for
m with decreases from 12 GHz to 9.5
GHz as increases from 0 to 0.3.
The reduction in transit time as the avalanche width is reduced
more than compensates for the effects of dead space, which
serve to increase the number of carrier groups and hence the
length of multiplication chains, so that thinner APDs will still
operate faster. However, dead space effects are potentially sig-
nificant, degrading the 3 dB bandwidth by 20% when
for the typical case when and . They
should therefore be included in any detailed device design con-
cerning speed since a greater reduction in device dimension than
that predicted by Emmons’ local analysis may be required to
achieve high speeds in short devices.
It should also be noted that recent theoretical work shows that
carriers in thin avalanching structures can travel at velocities in
excess of the saturated drift velocity [23]. In such structures at
very high electric fields, the nonequilibrium nature of carrier
transport may mean that carriers travel at effectively higher ve-
locities. However, even in this situation, the detrimental effect
of the dead space occurs, and ignoring it may result in an over-
estimate of the device speed. The inclusion of all these effects
requires a significant extension of the model used in this work
and is ongoing work.
548 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 4, APRIL 2002
(a)
(b)
Fig. 7. (a) Bandwidth deduced by Fourier transforming the current impulse
response generated by RPL. All results correspond to a mean gain of 20. Results
for d=w = 0 () agree with Emmons’ local analysis of frequency response
(line). Bandwidth reduction is apparent when d=w is increased to 0.2 ( ) and
0.3 (4). The same results are plotted on a logarithmic scale in the inset. (b)
Bandwidth versus d=w for w = 0:2 m and hMi = 20.
V. CONCLUSIONS
The RPL technique extended to model the temporal response
of avalanche multiplication has been shown to be numerically
equivalent to various recurrence techniques, while being more
flexible and capable of providing more information.
The mechanism responsible for the increased avalanche mul-
tiplication response time with dead space has been investigated
using this RPL model. It is found that dead space increases the
number of carrier groups and hence, the length of the multiplica-
tion chains as impact ionization events initiated by feedback car-
riers become more important. This degrades the improvement in
bandwidth expected by reducing the multiplication layer thick-
ness.
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